Objectives-Peak torque expresses a point output which may, but does not always, correlate well with full range output measures such as work or power, particularly in a rehabilitating muscle. This study evaluates isokinetic performance variables, particularly (a) flexor to extensor work and power output ratios of upper and lower extremities and (b) overall upper to lower extremity work and power ratios, in intercollegiate athletes. The purpose was to ascertain how speeds of 30 and 180 degrees/s influence agonist to antagonist ratios for torque, work, and power and to determine the eVects of these speeds on upper to lower limb flexor (F), extensor (E), and combined (F + E) ratios, as a guide to rehabilitation protocols and outcomes after injury. Methods-Twenty seven athletic men without upper or lower extremity clinical histories were tested isokinetically at slow and moderately fast speeds likely to be encountered in early stages of rehabilitation after injury. Seated knee extensor and flexor outputs, particularly work and power, were investigated, as were full range elbow extensor and flexor outputs. The subjects were morphologically similar in linearity and muscularity (coefficient of variation 4.17%) so that standardisation of isokinetic outputs to body mass eVectively normalised for strength diVerences due to body size. Peak torque (N.m/kg), total work (J/kg), and average power (W/kg) for elbow and knee flexions and extensions were measured on a Cybex 6000 isokinetic dynamometer. With respect to the raw data, the four test conditions (F at 30 degrees/s; E at 30 degrees/s; F at 180 degrees/s; E at 180 degrees/s) were analysed by one way analysis of variance. Reciprocal (agonist to antagonist) F to E ratios of the upper and lower extremities were calculated, as were upper to lower extremity flexor, extensor, and combined (F + E) ratios. Speed related diVerences between the derived ratios were analysed by Student's t tests (related samples).
The study of decrements in peak force with increases in speed of motion has a long tradition. The force-velocity relation has been shown in vitro 1 2 and in vivo. [3] [4] [5] [6] [7] Likewise the weakness of the upper extremity relative to the lower, especially in terms of peak torque outputs, is well established. [8] [9] [10] In the speed range 30-120 degrees/s, some have shown a peak torque upper limb decrement of 11.8%, 6 while others, in comparable lower limb studies, have shown a speed related decrement of 14.1%, 11 prompting the suggestion that upper limb torque and work outputs may decrease at a lower rate than occurs in the lower limb as speed of performance increases. Obviously both flexors (F) and extensors (E) will show overall torque (and hence work output) decrements with increases in speed, 12 13 but unless these decrease at the same rate, the F to E ratios will either increase or decrease, depending upon their relative rates of decrement as speeds increase. It has also been shown 14 that between 60 and 300 degrees/s, upper extremity flexors and extensors decrease at similar rates, so that F to E ratios remain eVectively at 1.0 regardless of speed. Unfortunately only peak torques, not total work or average power outputs, were investigated.
In isokinetic tests, measures of peak torque, although useful, represent performance at some (usually unspecified) point in the range of motion. A higher peak torque in one subject is no guarantee of greater total work output or of greater average power generation than in another. The clearly superior measure of full range tension development is that of "summated torques"-that is area under the torque curve, representing work produced. Yet studies of speed eVects 5 and upper to lower extremity performance ratios 9 have tended to concentrate on peak torque eVects rather than total work or average power output. 15 In isokinetic dynamometry, if torque decrements are outpaced by speed related reductions in available performance time then, although torque and work outputs decrease, power outputs will increase with increased speed of motion. For instance, knee excursions through 90°take three seconds at 30 degrees/s test speed and 0.5 seconds at 180 degrees/s test speed. If, in this situation, there is a 32% reduction in work production, associated with an 83% reduction in time to produce it, there will obviously be a predictable rise in power output.
From the foregoing it is clear as a generalisation that peak torque decreases as speed increases. It is also clear that the F to E ratio of the upper extremity is eVectively 1.0 regardless of speed, while the F to E ratio of the lower extremity increases as speed increases. Some researchers, 16 for example, found knee F to E ratios of 0.62 at 30 degrees/s and 0.88 at 300 degrees/s for peak torque. However, peak torque is not invariably a good indicator 7 of full range functional capacity (see below), and the literature is in any case not clear whether what holds for peak torque also holds for total work production through the full range of motion and for average power output. Moreover, it is not clear in the literature whether speed increments in the range from 30 to 180 degrees/s are suYcient to show torque-velocity eVects to the point where F to E ratios and upper to lower extremity ratios may be aVected.
The purpose of this study was to evaluate flexor to extensor ratios of both upper and lower extremities under a sixfold speed increment from 30 to 180 degrees/s and to determine whether upper to lower extremity ratios for work and power remain constant as speed increases. Isokinetic speeds under 60 degrees/s have been described as "low" and speeds between 60 and 180 degrees/s as "intermediate" 17 . Such attributions are value judgments about which researchers may disagree. However, these speeds are well within the slowest third of the test speed range (0-500 degrees/s) of the Cybex 6000 dynamometer used in this study and are regarded as "slow" (30 degrees/s) and "moderately fast" (180 degrees/s). In any case even the fastest test speed available in isokinetic dynamometry is well below in vivo limb angular velocities. For example, knee velocities around 900 degrees/s have been found in runners, 18 and angular velocities of over 4500 degrees/s have been recorded in elbow excursions during throwing actions. 19 In relation to in vivo demands, the test speeds used here are indeed slow. In the early stages of reconditioning after musculoskeletal trauma, subjects may not be able to move at high speed; it may therefore be necessary to monitor strength gains at slower speeds. This study therefore sought to determine whether well motivated athletes would show the same rate of upper to lower extremity ratio decrements, which the literature suggests are likely to be evidenced in the 30-300 degrees/s speed range.
Materials and methods
Twenty seven physically active young adult men, all without upper or lower extremity musculoskeletal clinical histories, voluntarily participated in this study, which was conducted in accordance with institutional research ethics guidelines. All subjects were right dominant competitive intercollegiate level athletes in diverse sports, and the right elbow and knee flexors and extensors were tested isokinetically at 30 and 180 degrees/s machine speeds. Knee flexion-extension tests were conducted in the seated position and elbow flexion-extension tests in the supine position, as these test positions are the most frequently reported in the literature and conform to the manufacturer's recommendations. As the aim was to provide practical clinical guidelines for rehabilitation, it was felt that the data provided should reflect elbow to knee ratios relative to the most frequently used testing positions. The ratios presented here therefore relate specifically to the test positions used.
Extensive pilot testing had failed to show any diVerences in F to E ratios or upper to lower extremity ratios between athletes at this level of performance in sports as diverse as cycling, rowing, road running, and water polo, so the criterion for acceptance of subjects was current membership of an intercollegiate team, regardless of the sport. Table 1 gives the basic demographic data. The subjects were generally lean and muscular, their linearity of physique 20 being measured by the reciprocal of the ponderal index (see table 1), the coeYcient of variation of which (4.17%) attests to the fact that the sample did not include subjects of either very ponderous or very gracile physique. All participants were previously habituated to isokinetic testing requisites and procedures at the experimental speeds reported here. The test device was a Cybex 6000 isokinetic dynamometer (Lumex Inc, Ronkonkoma, New York, USA). Standard manufacturer specified subject positioning guidelines for seated knee and supine elbow flexion-extension testing were followed. Verbal encouragement was given during every trial, care being taken to ensure consistency in this regard.
After an isokinetic warm up involving submaximal eVorts in the test position and an ensuing rest period of two to three minutes, each subject performed one set of four maximal effort paired flexion-extension repetitions at each speed. Assignment of speed and extremity tested was random, but each subject completed his experimental contribution within a single test session. A 60 second rest was provided between sets. Strength measures of torque, work, and power were expressed relative to body weight to account for size diVerences between subjects.
The steps taken with respect to data reduction were as follows. The measures of peak torque (N.m/kg), total work (J/kg) in the best work repetition (BWR) and average power, BWR (W/kg) were recorded and served as the basis for all subsequent ratio calculations which were: reciprocal ratios (elbow F to E; knee F to E) for torque, work, and power (see table 3 ); upper to lower extremity flexor ratios (U to L flexors); upper to lower extremity extensor ratios (U to L extensors); U to L combined; or elbow F + E over knee F + E ratios for torque, work, and power (see table 4 ).
Two questions were addressed, the first relating to the raw data and the second to the derived ratios. With respect to the raw data the following conditions were compared, use being made of one way analysis of variance (see table  2 ): flexion at 30 degrees/s; extension at 30 degrees/s; flexion at 180 degrees/s; extension at 180 degrees/s. With respect to the derived ratio data, the sole focus was on the eVect of the test speeds on these ratios. Consequently Student's t tests (related samples) were used to assess speed eVects on the variables torque ratio, work ratio, and power ratio (see tables 3 and 4).
In this study the correlations of peak torque with total work varied widely, providing coeYcients of determination (r 2 ) of between 0.453 (elbow flexion at 30 degrees/s) and 0.777 (knee flexion at 180 degrees/s), thus leaving between 22 and 55% of the variance "unexplained". 21 Several investigators have sought what are considered to be more functionally relevant measures than peak torque alone can provide. Some researchers, for instance, have placed emphasis on an "arc of maximum strength" (defined as the arc of motion during which maximum torque is maintained within 2 N.m of the peak torque), on the grounds that this measure is more important functionally than a single point reading of the peak torque. 22 Perrin 7 has cautioned that the return of peak torque in a rehabilitating muscle may not be closely related to that muscle's work and power capabilities, and that two curves of identical peak torque may reflect very diVerent work and hence power outputs. From a clinical point of view, it may well be a muscle's full range output (work) or that output per unit time (power) that is more relevant than merely the tension that can be developed at the mechanically most favourable point in the range of motion. For this reason the primary focus of this study was on work and power ratios.
Results

RAW MEASURES
When expressed in units factored for body mass, there were no diVerences between flexors and extensors of the elbow at either of the test speeds, whether in terms of peak torque, total work, or average power output. However, in all these measures there were significant differences between flexors and extensors of the knee, the flexors being considerably weaker. Also, in all cases, elbow responses were significantly weaker than knee responses. Table 2 gives the raw data and results of the one way analysis of variance and the post-hoc tests (Tukey method). The speed related decrements in peak torque were larger for the lower extremity than the upper, and largest of all in the case of knee extensors. In the upper extremity the rates of decrement were similar in both flexors and extensors, so that F to E ratios remained constant when speeds of 30 and 180 degrees/s were compared (table 3) .
best work repetition, and mean power responses (means (SD)) and one way analyses of variance for the four test conditions (flexion (F) at 30°/s; extension (E) at 30°/s; flexion at 180°/s; extension at 180°/s)
DERIVED RATIOS
Reciprocal (agonist to antagonist) ratios
From the raw data, elbow F to E and knee F to E ratios were calculated. The eVects of a sixfold increase in speed, from 30 to 180 degrees/s, on torque, work, and power ratios were determined (table 3 ). In the case of the upper extremity all F to E ratios were unaVected by speed: essentially elbow flexors generated the same levels of torque, work, and power as elbow extensors, regardless of speed.
In the lower extremity, because extensor peak torques decreased significantly more rapidly than flexor peak torques as speed increased, there was a significant increase in knee F to E ratios for peak torque. In the range of speeds tested, however, this eVect was confined to peak torque: knee F to E ratios for work and power were unaVected by speed.
In short, the increase in speed from 30 to 180 degrees/s had no eVect on the elbow F to E ratio for torque, although there was a significant increase in the knee F to E ratio for torque, caused by the disproportionately large decrease in flexor peak torque at the higher speed.
Of prime concern here, however, was the fact that work output F to E ratios remained constant at around 1.05 for the elbow and 0.66 for the knee, regardless of speed and that power output F to E ratios similarly remained constant at 1.08 for the elbow and 0.66 for the knee. Clearly, in full range work production and power output at the speeds tested, normal elbow flexors are no diVerent from elbow extensors, while knee flexors are capable of only about 66% of the work and power output of the knee extensors when tested in a seated position.
Upper to lower extremity ratios Because lower extremity peak torques decreased at a faster rate than those of the upper extremity, there were significant speed related increases in flexor, extensor, and combined flexor plus extensor upper to lower extremity peak torque ratios (table 4) . However, upper to lower extremity ratios for work and power showed no similar inclination to change as a result of the sixfold increase in speed from 30 to 180 degrees/s. In this regard flexors of the upper extremity produced 71% of the work and 52% of the power of those of the lower extremity, and extensors of the upper extremity produced 45% of the work and 31% of the power of those of the lower extremity, regardless of speed. Combined flexors and extensors of the upper extremity produced 55% of the work and 39% of the power of the lower extremity. The constancy of the upper to lower extremity ratios for work and power is attributable to the fact that elbow and knee work production levels fell at the same rate, while power generation levels increased at the same rate, between 30 and 180 degrees/s.
Discussion
Motor impairments, as a generalisation, are characterised by reductions in force generation, speed of motion, and segment ranges of motion. In a study of ambulatory patients with multiple sclerosis, 23 it was found that half registered 0 N.m at an isokinetic knee extension speed of 275 degrees/s. It would be spurious to assume, however, that limbs moving against gravity at almost 275 degrees/s were not generating substantial torques. This artifact of isokinetic technology, which records torques only when the preset machine speed is reached, requires that test speeds be well within the subject's capacity if meaningful torque, work, and power data are to be collected. In the present study, two test speeds in the lowest third of the range of testable speeds permitted by the Cybex 6000 were chosen because it is unlikely that, in the early stages of rehabilitation after musculoskeletal injury, subjects would be able to generate significant work and power outputs at speeds above 180 degrees/s. In functional restoration of sports persons, however, the goal of rehabilitation is a return, via normal function, to the higher levels of output required for competition. This requires eventual specific training for full range high speed musculoskeletal outputs commensurate with their sports. Fortunately, it has been shown that training at one speed produces a transfer eVect to velocities both above and below the training speed. 24 The findings of this study that elbow flexors are as strong as elbow extensors but knee flexors are not as strong as knee extensors echo established findings on strength of the elbow relative to the knee in healthy young adults. The central problem of this study, however, was to ascertain whether an increase in speed between 30 and180 degrees/s elicits differential decrements of elbow and knee extensors and flexors to the extent of altering the upper to lower extremity strength ratios. Although significant isokinetic responses may diVerentiate trained from untrained individuals, 25 this study confirms recent findings 26 that among competitively active athletes neither level of play nor nature of sport involvement exerted significant eVects on any measures made, when diVerences due to body weight are factored out.
This study suggests that among intercollegiate level competitive athletes, regardless of the sport, speeds through the range of 30-180 degrees/s have no eVect on elbow F to E or knee F to E ratios and no eVect on upper limb to lower limb ratios for work output or power production. Upper limb flexors are capable of over 70% of the work output of lower limb flexors, while upper limb extensors are capable of less than 45% of the work output of lower limb extensors. These findings have implications in the rehabilitation programmes of injured athletes who, in the early stages of restoration of function, may not be able to match the high movement speeds involved in their events, yet can be strengthened, and monitored, at lower speeds.
It is unlikely that the findings presented here can be of use in directing, for example, the exercise regimens of lower extremity disabled athletes confined to wheelchair events, as these athletes may eVectively have lost lower extremity strength completely and permanently. The results are, however, expected to inform decisions about training/rehabilitation of adult male athletes who have bilateral lower (or upper) extremity injuries precluding use of the contralateral limb as an indicator for goal setting. It is customary in cases of unilateral limb injury, to use the unaVected limb as a guide to functional restoration. However, natural bilateral dominance ratios need to be considered. If both limbs are injured, the facility of contralateral comparison is lost. In such cases upper to lower extremity work and power ratios could be used. If for example, arm extensor work and power outputs (assumed on the basis of results of this study to be 45 and 31% respectively of the capacity of normal lower extremities) are measured, then target work and power goals for the bilaterally injured knee extensors can be set. Similarly, knowledge of upper to lower extremity ratios can inform training goals in the rehabilitation of bilaterally injured upper extremity cases. The suggestion of this paper is that, in cases of bilateral upper extremity injury, a useful guide to rehabilitation could be to target combined flexor plus extensor upper extremity work capacity goals at 55%, and power output goals at 39% of the measured capability of the unaVected lower extremity.
